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Methods and Results We investigated the effect of a severe (80%) eccentric stenosis on fibrin(ogen) interaction with a deeply damaged vessel wall, its relation to platelet deposition in thrombus formation, and the influence of time on thrombus growth. Porcine 'll-fibrinogen and autologous`'In-platelets were injected into pigs instrumented for extracorporeal circulation and treated with low-dose heparin (aPTT ratio < 1.5) that has been previously shown and herein confirmed not to affect platelet and/or fibrin(ogen) attachment. Tunica media, as a model of severely injured vessel wall, was mounted in a tubular perfusion chamber containing an eccentric axisymmetric sinusoidal stenosis obstructing the lumen and exposed for 1, 5, and 10 minutes to perfusing blood. A shear rate of 424 s'1 at the laminar, parallel parabolic local flow perfused segments one to two orders of magnitude greater at the apex of the stenosis. Fibrin(ogen) deposition, its axial distribution with respect to the apex, and its relation to platelet deposition were determined by an ex vivo analysis of the test substrates. Fibrin(ogen) and platelet deposition were both significantly higher at the apex of the stenosis than at either the prestenotic or poststenotic area at C oronary thrombosis is frequently the result of either spontaneous or mechanically induced atherosclerotic plaque rupture'-4 leading to various acute coronary syndromes. [4] [5] [6] [7] [8] It is a dynamic process dependent on the pathological substrate, the local shear forces, and blood factors.9'0 Stenoses are often highly complicated plaques with variable geometry,11412 which induces irregular and poorly defined local flows. At sites of obstruction, flow streamlines deviate from the laminar and parallel profile of a straight tube, significantly influencing blood component-vessel wall interaction. Platelet-vessel wall interactions are modified at the site of maximal narrowing where shear stresses are enhanced by one or two orders of magnitude. To date, few experimental all the studied perfusion times (P<.02). However, fibrin(ogen) deposition demonstrated a significantly smaller degree of increase from the prestenotic area to the apex as well as a smaller degree of decrease from the latter to the poststenotic region, compared with platelet deposition (P<.05). Although both fibrin(ogen) and platelet deposition increased over time, the ratio of fibrin(ogen) to platelets showed a progressive decrease that became significant from 5 to 10 minutes (P<.03) at either low or high shear rate. The rate of platelet deposition was relatively constant; however, fibrin(ogen) deposition progressively decreased, especially at the apex.
Conclusions On severely damaged vessel wall, fibrin(ogen) and platelet deposition is maximal at the apex of the stenosis where shear rate is extremely high and parallel streamlines are deformed. Nevertheless, fibrin(ogen) deposition is significantly less dependent on high shear rate than is platelet deposition, and the pattern is not influenced by time. Finally, fibrin(ogen) deposition appears to be predominant in the thrombus layers adjacent to a severely damaged vessel wall regardless of the local shear stress levels and flow conditions. (Circulation. 1994;90:988-996.)
Key Words * fibrin(ogen) * thrombosis * stenosis models of stenosis have been used to investigate the influence of flow dynamics on thrombosis in a controlled manner.'3 Moreover, attention has been focused on platelets but relatively little is known about fibrin(ogen), a main component of the thrombus with an important role in the atherothrombotic process.'4,15 The extent to which fibrin-(ogen) deposition contributes to the formation of thrombus seems to be affected by factors such as the availability of tissue factor in the vascular surface and local flow characteristics,16'7 although it has not been fully defined.
The aim of the present study was twofold: (1) to investigate the effect of an eccentric, severe stenosis on the kinetics of fibrin(ogen) interaction with a deeply injured vessel wall at different perfusion times and (2) to define the relations between fibrin(ogen) and platelet deposition in thrombus formation and growth. We used a well-established tubular flow chamber in an ex vivo swine model under controlled rheological conditions. Methods
Experimental Conditions
All procedures performed in this study were in accordance with the appropriate institutional guidelines and followed the The animal model for the study was the Yorkshire albino pig (body wt, 30±1 kg) obtained from a single local farm. On the day before the experiment, after overnight fasting, blood (43 mL in 7 mL of acid-citrate-dextrose) was drawn and platelets were labeled with "`In-tropolone'1'19 and reinjected (252.4± 18.6 ,uCi); simultaneously, 276±18.6 jCi 'M1-labeled porcine fibrinogen was injected. On the day of the experiment, the pig was sedated with intramuscular ketamine (20 mg/kg, Ketalar, Parke-Davis) and then intubated and ventilated with a volume ventilator (Searle). Anesthesia (intravenous) with sodium pentobarbital (sodium pentobarbital injection C, Anpro Pharmaceutical) was maintained with the minimal effective dose as previously described. 20 The carotid artery and jugular vein were isolated through a longitudinal left and right neck incision and catheterized to establish an extracorporeal circuit.'8 Blood was collected for baseline determination of hematocrit, red blood cells, platelet counts, fibrinogen level, and aPTT. Arterial blood was drawn into the Plexiglas perfusion chamber by a Masterflex peristaltic pump (model 7013, Cole-Parmer Instrument Co) at a controlled flow rate of 20 mL/min and recirculated into the animal through the jugular vein. After three perfusions in nonanticoagulated blood conditions (native blood), the animals were intravenously infused with low-dose heparin (50 U/kg bolus plus continuous infusion of 50 U/kg per hour) for the duration of the study. Heparin was adjusted not to overcome an aPTT ratio of 1.4 (aPTT-R=1.11±0.1), and the experiment continued as described above. Low-dose heparinization has been demonstrated previously21'22 and herein not to affect either platelet or fibrin-(ogen) deposition with respect to native blood perfusion values.
The Badimon perfusion chamber used in this study mimics the cylindrical structure of the blood vessel with and without a geometrically axisymmetrical (axis of symmetry normal to the flow line, Fig 1) sinusoidal eccentric stenosis (75% to 80%). 13 In this chamber, the vascular surface replaces a portion of the tubular wall (6 cm long and 2 mm wide) that forms the blood channel and is directly exposed to the circulating blood. To mimic the rheological conditions existing in the coronary circulation, we used a chamber with an internal diameter of 2.0 mm perfused by blood at a flow rate of 20 mL/min, corresponding to an average local shear rate of 424 s' with a parabolic parallel streamlines flow profile. A protuder placed in the upper part of the chamber creates the stenotic narrowing of the blood channel (theoretic shear rate at the apex is over 100 times greater with nonparallel streamline flow profile). The length of the stenosis was constant at 4.5 mm because this length has been reported as the average for single coronary stenosis in humans. 23 The percentage of the induced narrowing was determined by measuring the remaining lumen of the channel once the substrate was placed, using either a dissection microscope or a cast made with 3110 RTV silicone rubber (Dow Corning Corp). Because of the variable thickness of the biological substrate, five randomly chosen substrates were placed in the chamber, and the average of the percent narrowing was calculated (78.8+1.66%). Perfusions run without the protuder served as an internal control.
Pig tunica media was used as a model of severe arterial wall injury, as previously described.'3 The aortas, harvested from normal pigs, were obtained fresh and kept frozen at -70°C until used. They were thawed in cold 0.1 mol/L phosphatebuffered saline (PBS), pH 7.4, freed from excessive adventitia, opened longitudinally, and cut into rectangular pieces (7x 1 cm). Before the experiment, the intima with a thin portion of the subadjacent media was removed. Each substrate was mounted in the chamber, which was prefilled with 0.1 mol/L PBS and maintained at 37°C in a water bath and perfused with the same solution for 60 seconds at 37°C. Blood then was perfused through the chamber for the preselected period of time, followed by perfusion with buffer for 60 seconds under identical flow conditions to clear away unattached cells and blood. The changes from buffer to blood and vice versa were achieved manually using a three-way stopcock without the introduction of stasis or air into the chamber. Substrates (n=59) were perfused for 1, 5, and 10 minutes. After each perfusion, blood samples were collected from the animal for In-lysis, platelet counts, hematocrit, red blood cell counts, aPTT, and fibrinogen levels.
Isolation and Labeling of Porcine Fibrinogen
Porcine fibrinogen was isolated from the same breed of pigs used for the experiments according to the fl-alanine technique24 and dissolved in 0.15 mol/L NaCl, 5 mmol/L Na citrate, and 20 mmol/L Tris-HCl, pH 7.4 . The amount of fibrinogen was quantified25 and its purity assessed by SDS- Aliquots of approximately 1 mL, corresponding to 20 mg of fibrinogen, were stored tightly capped at -70°C. ,gCi) was resuspended in 4.5 mL of platelet-poor plasma and injected into the animal after a low-spin centrifugation to remove any microaggregates.
Quantitation of Platelet and Fibrinogen Deposition
At the end of each perfusion, the substrates were collected in a mixture of 4% paraformaldehyde in 0.1 mol/L PBS, pH 7.4, and fixed overnight. The day after the experiment, the axial dependence of platelet and fibrinogen deposition with respect to the site of maximal stenosis was analyzed. The fixed specimens were oriented with respect to flow and divided into 16 segments each after discarding the entrance and exit regions to the chamber (1-mm length). Each section corresponded to a characteristic local flow profile (Fig 1) Two methods of data evaluation were used: (1) to study the kinetics of fibrin(ogen) and platelet deposition along the stenotic area, three segments, namely prestenotic (laminar parallel flow), apex (nonparallel high shear), and poststenotic (nonparallel recirculation zone with low shear rate) (segments 8, 9, and 10, Fig 1) , were analyzed. (2) Inasmuch as there were no differences in either platelet or fibrin(ogen) deposition among those segments of the substrate perfused under parallel parabolic flow conditions (segment 1 to 8 according to flow direction) (Fig 1) , the average value of fibrin(ogen) and platelet deposition was calculated by pooling all these segments and designating them as areas of laminar parallel flow and low shear (Lp). We compared these areas with the apex of the stenosis where the flow is suddenly accelerated, shear rate highly increased, and flow lines converge in nonparallel streamlines (Hnp)
Morphological Analysis of Specimens
After overnight fixation in a mixture of 4% paraformaldehyde in 0.1 mol/L PBS, pH 7.4, the sectioned specimens were stored in PBS (containing 0.08% sodium azide to prevent bacterial growth) at 4°C. Selected specimens were processed for microscopic evaluation: 2-mm2 pieces were cut from the apex of the stenosis, the proximal prestenotic segment, and the distal poststenotic segment. Specimens were washed in several changes of 0.1 mol/L PBS, pH 7.4, at 22°C and postfixed with 2% osmium tetroxide containing 1% potassium ferricyanide in 0.1 mol/L PBS for 2 hours. After dehydration with a graded ethanol series for 3 hours, the specimens were embedded in Epon 812-araldite resin. One-micrometer-thick sections were cut, stained with toluidine blue, and examined by light microscopy. Selected areas then were sectioned and examined by electron microscopy on a Philips 300 transmission electron microscope. A similar sampling procedure was also performed for control segments. Interestingly, even though fibrin(ogen) and platelets share similar kinetics of deposition along the stenosis, quantitatively there is a difference. The degree of increase in both fibrin(ogen) and platelet deposition from the prestenotic area to the apex of the stenosis as well as the degree of decrease from the apex to the poststenotic area were calculated at each perfusion time. After 1 minute of perfusion, the degree of increase in platelet deposition from prestenotic area to the apex was greater than that of fibrin(ogen), although not significantly (P=.07). On the other hand, the degree of decrease from apex to poststenotic flow recirculation area was significantly greater for platelet deposition (P=.002). At 5 minutes' perfusion time, both the degree of increase and of decrease were greater for platelet deposition compared with fibrin(ogen) deposition (P=.008 and .01, respectively). At At the apex (Hnp), the increase in fibrin(ogen) deposition from 1 to 5 minutes was statistically significant (P=.002), whereas from 5 to 10 minutes it was not (P=.07). At low shear rates (Lp), the rise in fibrin(ogen) deposition was significant at all three time periods (P=.0001). Shear rate (SR) and perfusion time (PT) were independently and directly related to fibrin(ogen) deposition, with the latter showing the stronger association (PT: P=.0001, t value=12.88; SR: P=.0001, t value=4.8).
Statistical Analysis
The rate of fibrin(ogen) deposition (Table 2 and Fig  3) decreased steadily over time at low shear rate (Lp). At the apex (Hnp), the temporal decrease showed a more rapid drop.
Platelet Deposition
As shown in Fig 4, There was a relatively constant rate of platelet deposition over time at high shear rate (Hnp) and during the first minutes at low shear rate (Lp). In this latter condition, the rate of deposition increased to near the level of the apex at 10 minutes.
Fibrin(ogen)lPlatelet Ratio
The relative contribution of fibrin(ogen) and platelets in thrombus formation under different flow dynamics was investigated in relation to perfusion time. We chose as reference point the 1-minute perfusion time ratio and evaluated its behavior over time at two different shear rates and flow dynamic conditions (Fig 5) .
The FG/PLT deposition ratio was significantly lower at the apex (Hnp) than at the low shear rate areas (Lp) at each time point (P=.0001). In both flow conditions, this ratio tends to decrease over time (Fig 5) . Perfusion time and shear rate were independently and inversely associated with FG/PLT ratio. Again, the former demonstrated the stronger relation (PT: P=.0005, t value=3.6; SR: P=.0065, t value=2.78). Further analyses indicated that the time frame responsible for the more pronounced decrease in FG/PLT ratio was that between 5 and 10 minutes at both shear rates (Fig 5) . Laboratory Data Analysis Hematocrits (26.71±0.3%), whole blood platelet counts (364.15 ± 14.29x 103/mL), and fibrinogen plasma levels (177.7±5.81 mg/dL) were similar in all the experiments. Heparin induced an aPTT-R in the range of 1 to 1.45 (average value, 1.1 ±0.1). These levels did not affect fibrin(ogen) or platelet deposition at high or low shear rates (Table 3) .
Discussion
The relation between acute thrombotic coronary artery diseases and blood rheology continues to be of interest to basic scientists and clinical investigators. Although the last decades have witnessed improvements in the development of several fibrinolytic agents, arterial thrombus formation research has been paradoxically and primarily directed toward the role of platelets. Furthermore, the role of blood flow and specifically the blood shear rate in determining thrombosis on In our system, as in the atherosclerotic diseased vessels in the arterial circulation, we have modeled a stenosis and evaluated in a simplified manner changes occurring at the boundary layer of the parallel streamlined flow zone versus the neighboring stenotic zones when exposing the same thrombogenic surface. Our study, using a simplification of theoretical flow conditions, analyzes biological processes in blood-substrate interaction. This is one of the first controlled studies of fibrin(ogen) deposition in stenotic flow conditions analyzing its local distribution (axial distribution) relative to the apex of the stenosis. In addition, in this study, fibrinogen was isolated from the same porcine breed used for the experiment, thus avoiding possible interspecies differences. Fibrin(ogen) deposition was quantitated by 'MI-abeled fibrinogen, which is more reliable than morphometric analysis (used only to corroborate our data) (Fig 6) . The latter, besides being a time-consuming and difficult technique, allows only a relatively small proportion of the perfused substrate to be evaluated. The concomitant 'l"Inlabeling of platelets provided us with the ability to investigate the relative contributions of fibrin(ogen) and platelets in thrombus formation. Our results showed that fibrin(ogen) deposition increased significantly at the apex of the stenosis and also confirmed the previously observed13 similar pattern of platelet deposition. Since at the level of maximal narrowing the shear rate becomes higher, these observations suggest that both fibrin(ogen) and platelet deposition are high-shear dependent even if the former is to a significantly lesser extent than the latter. This phenomenon is already evident after the first minute of perfusion. Our data also reveal an effect of perfusion time on both platelet and fibrin(ogen) deposition, which appears to be exerted through mechanisms other than shear rate. Furthermore, the rate of this increasing deposition is higher for platelets than for fibrin(ogen).
Previous studies31,32 had reported, in system with parallel laminar streamlines (without stenosis), the low shear dependency of fibrin(ogen) deposition. Indeed, using mildly damaged vessel wall substrates, fibrin deposition was high at low shear rates and progressively decreased with increasing shear rates. In our study, thrombosis was triggered by tunica media, which is more thrombogenic than subendothelium1318'29 and possibly different from cultured endothelial cell matrixes as used by Tijburg et al.32 A more powerful triggering substrate appears to result in a greater production of activated procoagulant factors and hence of thrombin generation.39 This allows the required threshold concentration of fibrin monomer necessary for initiation of their polymerization to be reached,40 even at high shear rates where otherwise fibrin monomer might have been washed away and fibrin polymerization impaired. Second, and probably more important, in all these studies, the different levels of shear rate tested in the higher range were one to two orders of magnitude lower than in our study, were obtained with different substrates in consecutive perfusions, and were in laminar parallel flow conditions. In our model, we achieved two different flow conditions and shear rates within the same perfusion, thus mimicking more closely the in vivo situation. In the epicardial coronary arteries, the change in shear rate due to the presence of an obstruction is a continuum, and the high degree of shear rates are inevitably associated with an obstruction and its neighboring areas.
To better understand and quantify the relative proportion of fibrin(ogen) and platelets in thrombus formation, we analyzed the FG/PLT ratio. The increase in perfusion time determined a progressive decrease of the FG/PLT ratio at both shear rates, meaning that the longer the perfusion time, the less the contribution of fibrin(ogen) deposition relative to platelets in the thrombus growth. This finding was also supported by the observation of a progressive decrease in the rate of fibrin(ogen) deposition over time. It seems, therefore, that fibrin(ogen) deposition is predominant in the thrombus layers adjacent to a severely damaged vessel wall where, as a previous study has demonstrated, there is a higher concentration of immunolocalized thrombinlike activity.4' As perfusion time increases, the reactive substrate changes from tunica media to the growing and freshly exposed thrombus, which, apparently, attracts more platelets than fibrin(ogen). One might argue that this lesser increase of fibrin(ogen) compared with platelets over time might be the result of a "dilution" effect due to the unlabeled endogenous platelet fibrinogen. 42 If this were the case, there should not have been such a striking increase in fibrin(ogen) deposition from low to high shear rate. In fact, in this latter situation in which platelet deposition is significantly higher, the percentage of labeled fibrinogen in the boundary layer would have been lower than expected, causing a decrease in 125I counts. Finally, the weaker dependency of fibrin-(ogen) on local high shear rate compared with platelets, evident at 1 minute, underscores the difference in the effective diffusion coefficient between cells and large protein molecules.
When a plaque ruptures, sudden changes in geometry, local flow factors, and substrate reactivity take place. All these modifications, besides enhancing the likelihood of fibrin(ogen) and platelet deposition on the newly exposed and highly thrombogenic substrate, dictate their relative contribution to thrombus formation. The growing thrombus, changing its composition over time, regulates, at least in part, its own composition and rate of growth. This might explain the variable sensitivity of thrombi to lytic strategies, according to the timing of administration. Furthermore, the severity of the acute platelet and fibrin(ogen) response to plaque disruption also depends on the occurrence of the rupture at the apex of the preexisting plaque. Finally, in that low proportion of acute myocardial infarctions (25%) characterized by a highdegree stenosis without plaque disruption, the increased deposition of platelets and fibrin(ogen) at the apex of the stenosis might explain the presence of thrombotic occlusion.
A better understanding of the factors regulating fibrin(ogen) deposition and especially its relation to platelets in thrombus formation and growth might provide useful insight for therapeutic interventions aimed at improving the outcome of patients with acute coronary syndromes.
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